This tutorial is based on a doctoral thesis that was shortlisted for the 2016 AMOP dissertation prize of the German Physical Society (DPG). The principal achievement of the thesis was to use Coulomb explosion imaging(CEI) to determine the microscopic handedness ('chirality') of molecular structures on a single-molecule level. It thus shows how a technique developed in atomic physics can address a long-standing problem in chemistry. Owing to these disparate backgrounds, the tutorial has two facets: on the one hand, the history of molecular chirality and recent developments are very briefly reviewed. On the other hand, an account is given of different experimental approaches to CEI, on the physical processes in light-induced Coulomb explosion and-most importantly-on the aspects that are relevant when designing and performing such an experiment. As structural chirality occurs only in polyatomic molecules, special attention will be given to multiple ionization and multi-coincidence measurements. A short discussion of the results presented in earlier papers is given, followed by an outlook on experiments that are under way or can realistically be performed within the next years.
chemistry and pharmacology. In the mid of the 19th century, Pasteur and others had discovered that many organic molecules form asymmetric crystals and that they rotate the polarization plane of light when they are in solution. As the concept of molecules was only developing during that period, the microscopic roots of this asymmetry remained unclear until 1874 when van't Hoff [1] and Le Bel [2] introducedwith similar reasoning but different concepts for the chemical bond-the concept of the asymmetric carbon atom. By this term, they designated a carbon atom that has four different substituents placed at the apices of a regular tetraeder. This configuration allows for two isomers (called enantiomers) that are mirror images of each other but cannot be brought into congruence by translation and rotation. As the two human hands show the same properties, Lord Kelvin derived the term 'chiral' for these molecules [3] from the Greek word for 'hand', and the notion of left-handed and right-handed molecules remains essential in the description of these isomers. Molecular chirality can be rooted not only in a chiral center (such as an asymmetric carbon atom), but also be due to a chirality axis, e.g. in the case of allenes, or the sense of helicity of a helical molecule, e.g. helicenes (for an overview over the stereochemic terminology, see [4] ).
From the second half of the 19th century on, the field of stereochemistry rapidly evolved and the structural relations between many molecular species were revealed. A lot of ingenuity has been devoted since then to develop techniques that can distinguish between the two enantiomers. One has to keep in mind that pure samples of left-handed and righthanded molecules respectively do not show any measurable difference in scalar properties (thermodynamic properties, energy levels, nuclear magnetic resonance signals etc). In order to get distinct signals from the enantiomers, one can utilize other chiral molecules (chromatographic approaches) or light of a well-defined polarization state (chiroptical approaches). Well-known examples for the latter are optical activity (rotation of the polarization plane), circular dichroism (different absorbance of left-and right circularly polarized light) and optical rotatory dispersion (wavelength dependent measurement of the optical activity). Another trick for analysis is to have the chiral molecules react with a second chiral species to form diastereomers. Like enantiomers, diastereomers are isomers that only differ by the spatial direction of bonds but contrary to the former, they are not mirror images of each other; a well-known example is cis/trans isomerism (for details see [4] ). Diastereomers of a chemical species show different physical and chemical properties so that they can be distinguished by a wealth of techniques. An overview over analytic methods can be found in [5] , a more detailed description of various chiroptical approaches in [6] .
For a long time, however, it had been impossible to directly determine the microscopic handedness of the molecular structure. All techniques mentioned above need additional input, either from theoretical models or from relations with species for which the microscopic configuration is known. As long as no reference structure was available, only relative but no absolute configurations could be determined. In 1891, Emil Fischer had arbitrarily assigned one of the two possible microscopic structures to the dextrorotatory saccharic acid [7] , but this commonly used designation could not be verified for decades.
In 1951, Bijvoet and co-workers used anomalous x-ray diffraction to determine the absolute configuration of sodium rubidium tartrate [8] . At that time, x-ray diffraction of crystallized samples had become a powerful tool for structure analysis of organic molecules. In elastic scattering, however, the diffraction pattern only depends on phase differences of the scattered waves so that the spatially inverted enantiomers cannot be distinguished. Anomalous x-ray diffraction, on the contrary, makes use of an additional phase shift that occurs for resonant scattering, leading to different patterns for the two enantiomers. That work confirmed that Fischer's choice had by chance been correct. Around the same time, Cahn, Ingold and Prelog developed a systematic nomenclature for assigning the labels R (from Latin rectus) and S (from Latin sinister) to the structure models [9, 10] .
In the last two decades, several gas-phase techniques have been applied to investigate chiral molecules and to discriminate between enantiomers; among them are angleresolved photoelectron spectroscopy (photoelectron circular dichroism (PECD) [11] [12] [13] ), laser-induced mass spectroscopy [14, 15] and microwave three-wave mixing [16] . In addition, Coulomb explosion imaging (CEI) has been shown to yield the microscopic configuration of simple chiral molecules [17] [18] [19] [20] . The remainder of this tutorial will be devoted to describing the development and an implementation of CEI and to outlining its future potential in the context of chiral molecules.
A brief history of CEI
The basic idea of CEI is quite simple: remove so many electrons that the repulsive forces of the atomic cores outweigh their mutual binding. The strong repulsion will then cause the ionic cores to 'explode' until they do not experience any interaction anymore. The axial recoil approximation assumes that the momentum directions of the fragments correspond to the bond axis in the molecule. This approximation works best for diatomics; the more complex the molecule is, the more deviations from this relation are expected. It is also obvious that the axial recoil approximation can only hold if the fragmentation occurs on timescales smaller than vibrational and rotational periods of the molecule.
The transformation from initial positions into the momenta of fragments can also be understood in an energy surface picture: upon electron removal, repulsive potential surfaces are populated; the system then evolves on these surfaces until it reaches the asymptotic region. The energy difference between the level populated in the excitation step and the asymptotic value is transformed into kinetic energy of the fragments. It should be clear at this point that CEI exclusively deals with positive ions (cations); in the remainder of the article, the term 'ions' always refers to cations unless otherwise stated.
Determination of the structural features by using the axial recoil approximation requires ionization and fragmentation to be fast compared to the timescale of nuclear dynamics. Consequently, two requirements are essential for any implementation of CEI: firstly, a sufficient number of electrons must be removed within a time-scale shorter than structural distortions; secondly, the relative directions (i.e. the momentum vectors) of the fragments must be recorded 'simultaneously' or more precisely: in coincidence. For a long time, however, it was impossible to fulfill these prerequisites. Whereas fast multiple ionization could in principle be induced with techniques available in the 1950s and 1960s (see section 3.1), detector technology and computers for analysis were only from the late 1970s sufficiently developed to record and treat the data that are necessary to reconstruct several fragments' momentum vectors.
At that time, the first successful attempts to investigate molecular structure by dissociation came from high-energy physics where the study of fragmentation processes and the corresponding experimental techniques had been developed for decades. Using electrostatic accelerators, molecular ions could be brought to kinetic energies of several MeV, corresponding to a velocity of a few percent of the speed of light. When such a molecular beam traverses a foil with a thickness of 10 nm or less, electrons are stripped off within less than a femtosecond. The atomic ions repel each other, leading to small deviations in their trajectory. These deviations can be measured by detectors downstream, allowing to determine the dissociation energies. Mass separation of the fragments can be achieved by magnetic fields between interaction region and detectors. First experiments were reported on simple ions like HeH + [21] . Using different kinds of multiparticle detectors [22, 23] , the configuration of the CH + 4 ion [24, 25] as well as the structure of small carbon clusters [26, 27] and the bond angle distribution of H 2 O + [28] were investigated. Although the swiftness of electron removal is still unsurpassed, foil-induced Coulomb explosion has several drawbacks: in the first place, molecular ions have to be created and it has to be taken into consideration that the structure (and possibly even the configuration) can be different from the neutral molecule. Secondly, the passage through the foil needs to be fast enough, implying an upper boundary for the molecular mass; the maximum mass depends on the energy of the accelerator but rarely exceeds 100 atomic mass units. Finally, the physical size of the experiment and the expertise in running the accelerator require resources that are not commonly available.
In parallel to foil-induced Coulomb explosion, coincident ion imaging setups had been developed for reactions in crossed ion-neutral beams [29] and the photodissociation of small neutral molecules [30] . In the latter case, the duration of the exciting laser pulse (picoseconds to nanoseconds) could reveal photodissociation processes but not the initial structure.
In the 1990s, first experiments on the Coulomb explosion of neutral species were reported. Most of the respective techniques can be considered as an extension of time-of-flight (TOF) mass spectrometry in the sense that mass-selectivity and differentiation of momenta are achieved by an electrostatic spectrometer. An early three-dimensional momentum imaging setup was used to investigate complete fragmentation of water molecules [31] induced by + H and He + beams; the time-and position-sensitive coincident detection was performed by a combination of a microchannel plate (MCP) and an anode implemented as a two-dimensional array of wires [32] . The bond angle distribution calculated from the data was in relatively good agreement with theoretical values. A drawback of this approach was the large number of signal channels employed (16 for each dimension of the detector).
A helical delay line as position sensitive anode [33] , in contrast, uses only two signal channels per dimension as the position information is encoded in the run-time difference (for details see section 4.5). Using this detection method [34] together with photoionization by gas discharge lamps
and ICN into two ions and a neutral atom were investigated. A detailed account of fragment energies and angles between the momenta is given in [35] .
The development of femtosecond lasers enabled an additional way to induce the instantaneous multiple ionization of molecules. In the first years, the low repetition rate prevented coincident detection (see section 4.1). As a consequence, covariance analysis [36] was often used to obtain fragment energies after Coulomb explosion, e.g. for C H 2 2 [37] . As the name suggests, this method uses statistics to extract information on the molecule from fragment correlations. Another widespread approach are 2D imaging techniques, most prominently velocity map imaging [38] . As these techniques do usually not measure ions in coincidence, the abundant literature using these techniques will not be reviewed here. A particular appealing feature of laser experiments is the possibility for pump-probe schemes. In this case, the molecule is first excited by a weaker pump pulse; structural changes can then be imaged by Coulomb explosion induced by the probe pulse. An early example for imaging the time-dependent structure of a dissociating molecule (I 2 ) is [39] . The first experiment using triple coincidences is to the author's knowledge a study of SO 2 that followed the breaking of the two bonds in time [40] .
After the year 2000, CEI and coincidence techniques found widespread application in the atomic physics community. One of the reasons was the development of the 'reaction microscope' or cold target recoil ion momentum spectroscopy (COLTRIMS) technique [41, 42] , that allows one to measure momenta of ions and electrons on two separate detectors. This makes it possible to study electron distributions in the molecular frame defined by the ions' momentum vectors (e.g. [43, 44] ). The majority of experiments are, however, restricted to the detection of two ionic fragments in coincidence.
Purely ion imaging setups were at the same time used to reveal structural features of larger molecules. Kitamura et al used Ar + 8 at an energy of 120 keV to investigate the 'dynamic' chirality of perdeuterated methane (CD 4 ), i.e. the different bond lengths that occur at any instant due to vibrational motion [45] . One of the few examples for five-fold coincidences is a study of CH 2 Cl 2 after laser excitation [46] . Various relations between the fragment velocities were explored and a reconstruction of the molecular structure was performed in that work. An example for CEI of larger molecules is benzene, investigated using laser ionization [47] and ion collisions [48] .
In recent years, ionization to extremely high charge states and pump-probe experiments with extreme UV and x-ray radiation have become possible by using free-electron lasers (FELs, see also section 3.1). In parallel, established techniques such as electron impact continue to provide insights on the structural information from coincident momentum imaging of three-particle break-ups of polyatomic species such as CO 2 [49] 
The determination of the absolute configuration of chiral molecules is an example of how CEI can be applied to a question of fundamental importance in chemistry. This step was achieved independently by laser-induced CEI using the COLTRIMS-technique [17] and foil-induced CEI [19, 20] . In the former experiment, a racemate of the chiral prototype CHBrClF was fully fragmented, allowing the assignment of handedness for individual molecules. In the latter case, an enantiopure sample of 2,3-dideutoro-oxirane (C H D O 2 2 2 ) allowed to directly relate microscopic and macroscopic nomenclature and to confirm Emil Fischer's choice [51] . Another recent imaging experiment on a halogenated biphenyl used adiabatic alignment of the molecules by a preceding nanosecond pulse. Covariance analysis of two fragments allowed to determine the absolute configuration of isolated molecules even without coincident detection of fragments [52].
Multiple ionization and fragmentation of molecules by photons
In order to achieve multiple ionization and fragmentation, a sufficient amount of energy must be deposited in the molecular system. If we follow Einstein in his explanation of the photoelectric effect, this means that photons with a small wavelength are needed; in the case of four-or five-fold ionization necessary for multiple fragmentation, photons must be in the soft x-ray region. This is, however, not a necessary condition in the non-linear optical regime. If the intensity (i.e. the photon density) of the light is sufficiently high, the energy can be acquired by absorption of several photons-up to the high-intensity limit where the number of photons is so large that the classical field description gets back its validity.
Following these interaction regimes, this section is divided into two parts: the first one will sketch the essentials of multiple ionization with a single photon. In the second part, a glimpse into the description of strong-field ionization will be given. The discussion here will be restricted to the physical processes; how these are experimentally implemented in CEI experiments will be described in section 4.2.
Single-photon ionization
In the case of single-photon ionization, the light-matter interaction is usually described by quantum mechanical perturbation theory: the transition probability
where the transition matrix element M if is usually given in the electric dipole approximation. A more detailed description can be found in most advanced quantum mechanics textbooks, e.g.
[53].
As can be seen in equation (1), the probability for this process essentially depends on the matrix element. Using a concept from scattering physics, the transition probability is usually expressed as a cross section σ, representing the 'effective' area of the atom or molecule for photon impact. Together with the photon flux and the density of target molecules, the cross section allows one to estimate the rate of excitation and is an important parameter in the design of an experiment. If the photon energy is higher than the binding energy of an electronic state, the absorption of one photon leads to direct emission of one photoelectron. Detailed tables on the photoionization cross sections are available (e.g.
[54]). If the photon energy is a few electron volts lower than the binding energy, resonant excitation into unoccupied states of the molecule can occur. The cross section for these resonant processes can be higher than for direct photoionization; additionally, state selection of the excited state can be achieved in this case.
For Coulomb explosion to occur, multiple ionization is mandatory. It has been mentioned that photons in the soft x-ray region are necessary from an energy point of view. Which processes lead then to the emission of several electrons? The most prominent one is expected to be Auger decay. In this case, the electronic configuration of the atom or molecule relaxes by emitting additional electrons. More pictorially speaking, the hole created by the absorption of a photon is filled by an electron from an energetically higher level; the excess energy is transferred to another electron that can thus leave the atom or molecule. Auger decay can occur as well for resonant excitation as for photoionization. High probabilities for four-and five-fold ionization of rare gas atoms upon irradiation with x-ray tubes have already been demonstrated in the 1960s [55] . Tunable x-ray radiation from synchrotron sources and photoelectron-photoion coincidence spectroscopy, as well as detailed calculations, have deepened the understanding of these processes in recent years [56, 57] . In addition to Auger decay, direct double photoemission of electron pairs (shake-off or knockoff/two-step-one processes) can contribute as well to multiple ionization [58] . The latter can be understood as an (e, 2e)-collision caused by the outgoing photoelectron. An additional process with a very small cross section is the direct emission of two photoelectrons by absorption of one photon, creating so-called double core-hole states (see e.g. [59] ).
The electronic processes after core excitation usually occur on the timescale of attoseconds or a few femtoseconds, i.e. much faster than most structural distortions of the molecule. It has, however, been shown that fragment dynamics can occur on the same time scale as electronic processes (ultrafast dissociation [60] ). In addition, intermediate molecular states could be produced that undergo structural deformation before further dissociation (e.g. [61] ). In the case of an 'equal' distribution of charges between atomic sites that is necessary for Coulomb explosion pathways, the electronic decays are expected to happen before significant nuclear rearrangement takes place (which can in part be justified a posteriori from the measured momenta). Due to the multitude of possible processes in polyatomic molecules, the interplay of charge rearrangement and nuclear dynamics is an active research field, having gained new impetus by the possibility of x-ray pump-probe schemes with free electrons lasers [62] .
Even for a fixed photon energy, the multitude of processes in the ionization and charge rearrangement leads to a variety of fragmentation pathways of which only a few yield information on the absolute configuration of chiral molecules. Increasing the yield of relevant channels by identifying a promising selective excitation scheme might thus be beneficial [63, 64] .
Multi-photon and strong-field ionization
With the light intensities provided by lasers, non-linear optics can be realized, i.e. processes where two or more photons are absorbed 'simultaneously'. In the case of atoms and molecules, ionization can take place at photon energies much below the ionization threshold. The effects of multi-photon ionization have been studied for decades. In most cases, however, the ionization state obtained is not sufficiently high to induce multiple fragmentation.
If the intensity of the light surpasses -10 W cm 14 2 , the electric field reaches values comparable to the Coulomb field that the electrons experience from the atomic nucleus. This oscillating superposition converts the potential well of the nucleus to a barrier through which bound electrons can tunnel. A well-known description of this process is the semiclassical ADK model [65] that has also been extended to molecules [66] [67] [68] . A more rigorous quantum mechanical treatment is provided by the strong-field approximation, pioneered by Keldysh, Faisal and Reiss [69] [70] [71] . A description providing a reasonable mixture of intuitive explanation and theoretical background is given in [72] , a more thorough theoretical review can be found in [73] . This model has successfully been applied to diatomic [74] and polyatomic [67] molecules.
Multiple ejection of electrons from a molecule in a strong laser field can occur either independently ('sequentially') or involving electron-electron correlation. These correlation effects are expected to dominate and have extensively been investigated in the last two decades, especially the nonsequential double ionization of different atomic and molecular species (for a review see e.g. [75] ). A very prominent process for double ionization is the so-called recollision where an emitted electron acts back onto the atom or molecule and ejects a second electron [76] , an effect that has also been investigated for polyatomic molecules, e.g. [77] . Another mechanism expected to be important for multiple ionization of molecules is the charge-resonance-enhanced ionization [78, 79] , leading to an enhanced ionization probability when the cores have already started dissociating. For more complex molecules and higher ionization states, only a few systematic experimental studies are available [77, 80] and current theoretical models reach their limit at higher numbers of emitted electrons.
As in the case of single-photon ionization, the variety of effects leads to a multitude of fragmentation pathways at given experimental conditions. An additional experimental complication in the case of strong-field ionization is the spatial variation of intensity in the laser pulse. Although a more detailed understanding of the ionization mechanism will help to reach the relevant ionization states with higher probability and better selectivity, experience has shown that this knowledge is not mandatory to perform a Coulomb explosion experiment.
Technical aspects of a CEI experiment
Several examples of CEI have been discussed in section 2. The following section describes the experimental details of a specific implementation: the use of a COLTRIMS/reaction microscope setup [41, 42] , essentially composed of a molecular jet, an electrostatic spectrometer, time-and positionsensitive single-particle detectors and the corresponding data acquisition and analysis tools.
The following description is restricted to a pure ion imaging setup; in many COLTRIMS applications, electrons are measured as well. Their detection requires additional features at several stages. In addition to a general overview of the experimental technique, the peculiarities of measuring a larger number of ions (  n 4), are discussed. This section of the tutorial thus is not only valid for the investigation of chiral molecules. Section 5 will illustrate these rather abstract considerations via the example of the chiral prototype CHBrClF. Discussing the procedures in detail, however, is beyond the scope of this tutorial. More detailed information can be found in [81] , but also in various doctoral theses dealing with the COLTRIMS technique.
Previous to the various experimental components, a short section will present the principles of 'event-based' measurements as they might be less familiar to many readers from the molecular physics and physical chemistry community.
Particularities of event-based measurements
The key point of a Coulomb explosion or any other coincidence experiment is the fact that one molecular fragmentation after the other is recorded; any property or feature in a spectrum will only become visible by integrating over a sufficient number of these 'events'. Otherwise, features will be hidden by the statistical uncertainty which in many other contexts is a factor contributing to the 'signal-to-noise' ratio. As a consequence of this event-counting, all data are displayed in histograms, i.e. the signal strength is given in 'counts' (=number of events). During measurements, a key parameter is the rate (events per second) at which these events take place. Figure 1 is an attempt to visualize the interplay of factors that will be mentioned in the following subsections. The diagram should be read from right to left: let us first assume, for simplicity, that the molecule under investigation has only one possible fragmentation pathway. The rate with which this fragmentation is recorded by the detector is lower than the actual rate because the detection efficiency is significantly below 100% (see section 4.5); this problem aggravates with the number of ions to be detected in coincidence because the detection efficiencies of the particles are multiplied.
The actual event rate depends on the repetition rate of the light source and on the probability that the ionization and subsequent fragmentation process is triggered by a light pulse. The fragmentation probability itself is a product of three factors: first the cross section of the physical process that leads to fragmentation, second the properties of the light pulse (number of photons in the single-photon case or light intensity in the strong-field case), and third the density of target molecules in the interaction region. The first two aspects will be discussed in section 4.2, the last one in section 4.3. It must be remembered at this point that the coincident detection of the fragments requires a singlemolecule condition: each light pulse should fragment one molecule at most; to keep the probability of fragmenting a second molecule below 10%, the ionization probability per pulse should less than 10% as well (assuming Poisson statistics). Practically, this probability is determined by the ratio between the repetition rate and the count rate; given that not all fragmentation events are recorded due to the limited detection efficiency, the ratio between measured rate and repetition rate of the light source should ideally be lower than 1/10. This means that the parameters have to be tuned in a way that on one hand, this condition still holds, and on the other hand the measurement rate is maximized. It should be remembered that increasing the pulse energy (in the laser case) or the photon flux per pulse (in the synchrotron case) by a factor X is not equivalent to increasing the repetition rate by the same factor. This scheme is complicated by the fact that-against our first simplistic assumption-not only one distinct fragmentation pathway occurs for a given excitation of the molecule. The parameters in italic font in figure 1 are specific for each fragmentation: the cross section for the fragmentation obviously depends on the exact physical process, so that different fragmentations occur with different event rates. It is less obvious that also the detection efficiency depends on the fragmentation pathways, e.g. that it is lower for break-ups with more particles.
Especially for multiple coincidences (  n 4), the ratio of detected relevant fragmentations compared to the total count rate is very low. For the experiments reported below, it was between a few times 10 −6 and several 10 −4 . This makes it necessary to play with the different experimental parameters to obtain a reasonable yield for such low-probability breakups and to simultaneously fulfill the coincidence condition for more abundant channels.
Photon sources
As mentioned in section 3, two types of light sourcescorresponding to two different ionization mechanisms-can be used for the multifragmentation of molecules. Having discussed the respective ionization mechanisms and a few examples for CEI in the previous sections of this tutorial, this part is restricted to technical considerations.
4.2.1. Femtosecond lasers. In the last 20 years, femtosecond lasers have revolutionized optical spectroscopy in many areas. Nowadays, most of the systems used in molecular physics rely on chirped pulse amplification in titanium-doped sapphire (Ti:sapphire) crystals, centered at a wavelength of around 780 nm. Detailed descriptions can be found in many textbooks, e.g. [82] , and systems are available commercially. To use them for Coulomb explosion experiments is nevertheless still challenging: on the one hand, the intensity, i.e. the energy per pulse, must be high enough to induce multiple ionization; for the results presented below, 40 fs pulses with an energy of m 10 J ( = P 100 MW peak ) were focused by a silver mirror ( = f 60 mm) to reach intensities of´-6 10 Wcm 14 2 . On the other hand, the repetition rate must be high enough to allow for a reasonable rate of break-ups, as discussed in the previous section. The results presented below were obtained using a KMLabs Wyvern500 regenerative amplifier running at a repetition rate of 100 kHz. At the intensities required for multiple ionization, the probability for single ionization of a molecule in the laser focus goes close to one. This means that the number of target molecules (the target density) must be so low that the coincidence condition holds (see section 4.3).
A major drawback of the femtosecond laser approach is the fact that the ionization of molecules in the strong-field regime depends mainly on the ionization potential of the highest occupied orbitals (e.g. [66] ). As a consequence, the ratio between relevant fragmentation pathways and total ionization events is hardly tunable-at a given repetition rate, an increase in laser intensity to achieve a reasonable rate of multiple fragmentation will lead to an overwhelming amount of single and double ionization events. Thanks to advances in various technologies-especially Ti:sapphire amplifiers [83] , fiber lasers [84, 85] , optical parametric amplification schemes [86] and high-power thin-disk oscillators [87] -femtosecond lasers with the required peak power of roughly 100 MW and repetition rates in the MHz range will likely be available in the near future, allowing to measure at higher count rates and thus tackle this problem.
Another disadvantage, especially when protons are to be detected, is the duration of the laser pulse which is of the same order as the CH stretching mode. This leads to a broadening in the measured proton distribution. As several laser cycles seem to enhance the probability for multiple ionization, it is still unclear to what extent shorter pulses will remedy this problem. The use of extreme UV or soft-x-ray pulses from high-harmonic generation to fragment molecules has been pioneered a decade ago [88] and meanwhile been extended to polyatomic molecules [89] . This opens the possibility to perform single-photon induced CEI with a tabletop setup and allows pump-probe experiments with combinations of IR and UV pulses.
4.2.2. Synchrotron radiation sources. As described in section 3.1, multiple ionization of molecules can also be induced by single x-ray photons. Photons in the appropriate energy range are provided by synchrotron radiation sources. In these large-scale facilities, bunches of electrons circulate in a storage ring at relativistic energy; in so-called 'insertion devices' (nowadays mostly undulators), they are subject to alternating magnetic fields, leading to emission of light with high flux and small divergence. Monochromators in the beamline can select a certain energy with high resolution ( D » E E 50 000). Although the duration of the light pulses can be hundreds of picoseconds, the single photon absorption occurs quasi instantaneously compared to nuclear time scales.
In the case of single photon ionization, the ionization rate r is usually estimated by s = F · · r n where σ is the ionization cross section (in m 2 ), Φ is the photon flux (ins 1 ) and n is the target density, i.e. the density of molecules multiplied by the thickness of the target seen by the photon beam (inm 2 ). The results described below have been obtained in the timing mode of the synchrotron. In this operation mode, only one or a few bunches circulate in the storage ring, leading to pulses with a separation of a few hundred nanoseconds, i.e. to repetition rates of several MHz. This mode is mandatory for experiments with electron-ion coincidences because the electrons need to arrive at the detector in the time between two bunches; otherwise, it is impossible to determine which light pulse induced the ionization, and thus impossible to determine the TOF of the fragments. For pure CEI, the electron TOF information is not needed, so that the arrival of the electron on a detector can be used as starting clock for the TOF measurement of the ions, as in early ion coincidence experiments [90, 91] . Several fixed setups exist at synchrotrons that are in principle capable of performing CEI [92, 93] . Alternatively, a user setup can be attached to beamlines that have no fixed endstation.
FELs can provide x-ray pulses with duration in the femtosecond range. Due to the high photon flux, the amount of residual gas and the target density have to be extremely low to enable coincidence conditions; the low target density can, however, be an advantage since it enables measurements with very small amounts of sample and low vapor pressures. A drawback for Coulomb explosion is the rather low repetition rate of currently existing FELs.
Target preparation
In order to perform CEI, the molecules under investigation must be brought in the gas phase into an ultra-high vacuum chamber. In most cases, the target is provided by a supersonic or effusive jet: from a reservoir with high pressure, the sample is expanded into the vacuum; the jet is usually skimmed by one or two small apertures to maintain a low background pressure in the interaction chamber. We have seen in section 4.2 that for a given photon source, restrictions may apply to the target density. While for femtosecond lasers, a low target density is rarely a problem, synchrotron experiments are usually not feasible a stagnation pressure below 100 mbar.
For this reason mostly substances with high vapor pressure have been investigated by CEI. Heating the sample in an 'oven'-as well as the nozzle-is the easiest way to increase the vapor pressure, but is only feasible for substances that do not decompose (or change their structure) at increased temperatures. Various sample preparation schemes such as laser desorption (e.g. [94] ) and thermodesorption of preformed aerosols (e.g. [95] ) have successfully been applied in massspectroscopic studies with synchrotrons and femtosecond lasers and can in principle be used for CEI. In some cases, e.g. to form a supersonic jet with a small amount of sample or for species that easily form dimers such as acids, pick-up of the sample with an inert gas (preferably helium due its small ionization probability) can be beneficial.
The role of cooling by the supersonic expansion is still unclear. Fragments gain energies of several electron volts so that the thermal translational energy of 25 meV at room temperature can be neglected. Thermal excitation of rotational and vibrational degrees of freedom can, however, broaden the initial spatial distribution of the nuclei and consequently of the momenta, so that determination of configuration might be more straightforward for cold molecules. For larger molecules it is difficult to estimate the actual temperature in the jet due to their many degrees of freedom. Semi-empirical rules and parameters also for polyatomic molecules can be found in [96] . Freezing the internal degrees of freedom is expected to be more relevant in the case of single-photon excitation; for strong-field excitation, the dynamics in the laser field are probably dominant in broadening the momentum distribution.
What has been important both for synchrotron and laser ionization, is the spatial confinement due to the jet: when molecular jet and photon beam are crossed at right angle, the interaction volume is well characterized, so that no focusing spectrometer design is necessary (see section 4.4). In the case of ionization by laser pulses, the Rayleigh length of the focus can be decreased to a few hundred mm by a small focal length, so that experiments might be possible where the sample is not provided as a well-defined jet. The single ionization that occurs even from the unfocused beam might however contaminate the Coulomb explosion data severely.
Spectrometer
The spectrometer is the part of the experiment that is separating the fragments according to their masses and momenta and guiding them to the detector. Like in a commonTOF mass spectrometer, an electrostatic field accelerates the ions and leads to arrival times at the detector that depend on the mass-to-charge ratio m/q. Purely mass-analyzing setups employ a field design that compensates for the initial velocity distribution of the fragments and focuses the ions onto a small detector to achieve good mass resolution and a high signal strength at comparatively low cost. In a 'standard' COLTRIMS setup for CEI, by contrast, only a homogeneous electric field with a modest field strength (a few up to 100 V cm -1 ) is used. In such a field, the velocity component along the spectrometer axis affects the TOF in a measurable amount: ions ejected towards the detector arrive at earlier times than those ejected in the opposite direction. Perpendicular to the spectrometer axis, the ions propagate with their initial velocity until they reach the time-and position-sensitive detector (see next section). Figure 2 illustrates this principle for a diatomic molecule. Simulations show that it is a good approximation for the analysis to separate the acceleration of the ions in the Coulomb explosion from the motion in the electric field of the spectrometer, due to the fast timescale and small spatial extent of the Coulomb interaction. The momenta gained in the explosion can thus be retrieved by assuming classical trajectories in the spectrometer. For a homogeneous electric field along the spectrometer (z-axis) and field-free propagation along the x-and y-axis, the relations read
The dimensions of the spectrometer and-once this is fixedthe electric field should be chosen according to the properties of the Coulomb explosion and the fragments to be detected. A low electric field will, on the one hand, lead to a wide spread in the TOF and thus to better momentum resolution in the spectrometer direction. On the other hand, the longer TOF will increase the spread along the perpendicular axes as well, up to a point where not all fragments can be guided onto the detector. A compromise has thus to be found that yields good momentum resolution and still allows detection of all fragments with p 4 solid angle (using a smaller solid angle decreases the yield and may introduce some unwanted asymmetry effect). As the momenta gained in Coulomb explosion are very large (between 50 and 400 atomic units of momentum), electric fields used for CEI are usually higher than in other coincidence measurements. As the kinetic energy of the fragments is of the same order of magnitude (several eV) for different masses, protons have a large velocity due to their small mass and show thus a larger spatial spread; investigating fragmentation pathways without a single proton can thus be beneficial. Another possibility is to use electrostatic lenses to modify the imaging properties of the spectrometer. Figure 2 . Sketch of a spectrometer for momentum imaging. The molecule-for illustration purposes a diatomic-is ionized at time t 0 . The positively charged atoms repel each other and gain momentum predominantly along the initial bond direction. The electric field induced by the spectrometer plates (gray rings, cut for better visibility) guides the ions to a time-and position-sensitive detector. For a given mass, the time-of-flight (TOF) together with the impact position allows one the initial momenta (equation (2)).
When fragment ions have similar mass-to-charge ratios, their TOF distributions can overlap so that a certain hit on the detector cannot readily be assigned to a specific fragment. If all fragments from a Coulomb explosion are detected, this is not a problem as the correct assignment can be found by making use of momentum conservation (see section 4.6). This does not work, however, when neutral fragments are created in the break-up. As they cannot be detected, the sum momentum of the measured particles corresponds to the (negative) sum momentum of the undetected particle(s). For larger molecules, neutral hydrogen atoms are frequently emitted, carrying only little momentum. For this application, a setup has recently been designed that uses a high field (120 V cm -1 ), together with an electrostatic lens and a drift region, to separate fragmentation pathways that differ in the amount of neutral hydrogen loss [97] .
Detectors
Whatever the exact implementation of the spectrometer is: to extract three-dimensional momentum information for individual ions, both time and position information have to be recorded. The detectors thus need to fulfill the following requirements: single particle sensitivity, accurate time and position retrieval of the impact, and small dead-times to allow recording several particles from the molecular break-up.
The best answer to these prerequisites is currently given by a combination of a stack of microchannel plates (MCPs) and a position sensitive anode. Solid-state detectors such as complementary metal oxide semiconductor (CMOS) or charge-coupled device sensors do usually not fulfill the requirement of fast and accurate timing information due to their relatively long read-out times. In recent years, however, there has been significant progress in the development of CMOS pixel detectors for coincident detection, reaching now time-resolution of a few nanoseconds and position resolution of up to 1:300 [98] [99] [100] . In particular the small dead-time, allowing to detect many particle impacts within a few nanoseconds, is a promising aspect of this approach.
For the experiments described below, a commercially available detector from RoentDek [101], containing an MCP stack and a delay-line anode, was used. The MCP is used as an electron multiplier to extract a measurable signal from a single impinging particle (ions in the case of CEI). For that purpose, a voltage of roughly 1 kV is applied between front and back of the MCP, leading to an electron avalanche within its pores; to achieve a higher amplification, two (chevron configuration) or three (Z-stack) MCPs are mounted in series. The electron cloud emitted from the back of the MCP stack is then attracted by the anode which is set to higher positive voltage than the back of the MCP.
The delay line itself is essentially a helical wire; the position of the emitted electron cloud (and thus the initial impact position) is encoded in the propagation time of the signal to the two ends [33] . Two perpendicularly mounted delay lines allow one to determine the x-and y coordinate of the impact. In the case of multiple hits, the propagation time on the anode leads to dead-time effects and ambiguities in the position determination; it has proven beneficial to use three delay-lines in a hexagonal layout [102] to achieve dead-times below 20 ns and a spatial resolution up to roughly 1:800 (100 μm at 80 mm diameter).
To decouple the signals of the MCP and the delay-line anodes (usually pulses of a few mV) from the high voltage, a high-pass is used, complemented by potentiometers to optimize the signal shape. Each signal is then fed into an amplifier and a constant fraction discriminator (CFD). Contrary to commonly used leading-edge triggers, the CFD allows one to determine the timing information independent of the height of the pulse. This avoids jitter due to the different pulse heights that naturally occur from an MCP and allows one to achieve a timing resolution of roughly 200 ps. A more detailed description on the working principle of a CFD can be found in various manuals.
Data acquisition and analysis
The raw data of the experiment is essentially timing information: the time stamp of the pulsed photon beam, as well as the signals of the MCP and the delay-line anode for each ion are the ingredients to calculate impact position and TOF of the particles, which in turn are used to calculate momenta. The output signals of the CFD are recorded by a time-todigital converter and then stored on a computer hard disk. Usually, the MCP pulse is used as a trigger and a time window is given that defines which hits on the detector belong to one 'event', i.e. to one molecular break-up. For the experiments described below, a cronologic HPTDC8 card was used, together with the data acquisition and analysis program COBOLD by RoentDek. Roughly 1 GB of raw data is produced per hour of measurement. The fact that all available information is stored for every molecular break-up separately allows one to 'rerun' the experiment offline as often as is needed to calibrate the experimental parameters.
In some applications, the signals of a delay-line anode are directly fed into an analog-to-digital converter, recording thus the pulse shape and allowing to separate two overlapping signals. In the case of CEI, the difference in the TOFs for different ions are usually large enough so that overlapping hits do not play a significant role.
The data analysis for the results shown below was performed with the C++-based framework ROOT [103] and consisted of essentially two steps that are common for all COLTRIMS experiments: first, the recorded time stamps have to be translated into position (x y , ) and TOF information; second, the momentum vectors are calculated from the coordinates ( ) x y , , TOF . In the first step, the run-times of the signals are converted into position information, possible non-linearities of the detector are corrected and consistency checks for the signals of the three anode layers are performed. In the second step, the geometry of the setup and the electric field strength are used to calculate the momenta gained in the Coulomb explosion. Important parameters are: the length and the electric field strength of the spectrometer; the projected position of the interaction region on the detector (which is not necessarily the detector center); the delay between the timing signal of the photon beam and the actual time of ionization; and the velocity of the molecular jet. Thanks to the possibility to 'rerun' the experiment in the analysis, the exact values of these parameters can be determined a posteriori. This is done by resorting to symmetry and conservation considerations: the kinetic energy that a fragment gained in the Coulomb explosion must be independent of its propagation direction; the sum momentum distribution of a molecular fragmentation must be centered at zero in the center-of-mass system etc. Especially the calibration of the spectrometer length(s) and the electric field strength(s) can be time-consuming. Due to the wealth of different break-up channels that occur in a Coulomb explosion measurement, such an experiment is in general 'self-calibrating', i.e. no additional calibration measurements are necessary. The fragment momenta thus obtained can be displayed in histograms and be used to investigate correlations and calculate further quantities.
In the case of chiral molecules, it is particularly important that the coordinate system in which the momenta are calculated corresponds to the detector orientation in the actual laboratory system-if one of the coordinate axes has the wrong sign, right-handed structures will appear left-handed.
Determining the handedness of single molecules: the example of CHBrClF
This section illustrates how the above considerations come to life in the investigation of the chiral prototype CHBrClF. Additional information can be found in previous publications [17, 18] .
Preparing and performing the measurement
In order to demonstrate the separation of enantiomers, the chiral prototype CHBrClF was chosen (see figure 6 ). Both strong-field and single-photon ionization were used to induce the fragmentation. The strong-field experiment was performed at the Goethe-University Frankfurt (Germany) using a Titan-sapphire femtosecond laser (KMLabs Wyvern500) at 100 kHz repetition rate. For the single-photon case, the experiment was brought to the beamline SEXTANTS at the synchrotron radiation source SOLEIL (Gif-sur-Yvette, France). The photon energy in this case was 710 eV. For the results presented below, several grams of CHBrClF were obtained either via fluorination of CHBr 2 Cl with SbF 3 in presence of Br 2 [104] or by substituting one bromine of CHBr 2 Cl via HgF 2 [105] . As the equilibrium vapor pressure for CHBrClF at room temperature is around 600 mbar, a recipient with the liquid sample could be directly connected to the gas line leading to the nozzle (diameter m 30 m for the laser and m 60 m for the synchrotron experiment). The integral event rate (all ionization events) was between 10 and 20 kHz in both cases, the data acquisition time 11 h at the laser and 83 h at the synchrotron. Due to the fact that the fraction of fiveparticle fragmentation channels was´-5 10 6 in the laser experiment and´-7 10 5 for the synchrotron [18] , a significantly higher amount of relevant break-ups was recorded in the latter case.
Identification of molecular break-ups
Multiple ionization and fragmentation of a molecule is a statistical process. As a result, every Coulomb explosion experiment yields a multitude of molecular break-up channels that are recorded simultaneously. A very convenient way to identify these break-ups are photoion coincidence spectra. In the basic form-the photoion-photoion-coincidence spectrum (PIPICO)-the TOF of the first and second hit on the detector TOF 1 and TOF 2 are plotted on thex andy axis respectively. With the knowledge of the geometry and electric fields of the spectrometer, the mass-to-charge ratio of these hits can be identified as in conventional mass-spectrometry. A 'complete' fragmentation, i.e. a fragmentation for which the two fragment masses add up to the parent mass, is characterized by a narrow line in the PIPICO spectrum; in this case TOF 2 is a function of TOF 1 due to momentum conservation in the TOF direction. Broader features indicate a break-up where additional particle(s) carry away momentum. The momenta of the emitted electrons-and those of the exciting photonscan be neglected compared to the ion momenta gained in Coulomb explosion.
For multiple fragmentation, higher-order coincidence spectra can be created. Figure 3 shows the coincidence of four ions from the fragmentation of CHBrClF (single-photon excitation). The sum of the TOFs of the first two particles is plotted against the TOF sum of the third and fourth particle. Again, sharp features are visible if the fragments add up to the mass of the parent molecule and thus fulfill momentum conservation (as in the case of {CF + , + H , Cl + , Br + }). The substructure originates from the different masses of the naturally occurring isotopes. If the recorded fragments do not add up to the total mass, broader features are visible. By setting time windows for the different detector hits, relevant fragmentation pathways can be selected for further analysis.
Calculation of momenta
The next step of the analysis is to calculate momenta for one or several of these selected pathways, using the equation (2) . For CHBrClF, the fragmentation into five singly charged atomic ions was chosen for first analysis. As the narrow lines in the coincidence spectra indicate, the different isotopic channels could be separated and narrow windows on the total momentum in all three directions applied to reduce background.
It can occur, however, that fragments with similar massto-charge ratios have overlapping TOF distributions so that a certain hit cannot be unambiguously assigned to a mass-tocharge ratio. This is for example the case for the isotopically chiral species CHBrCl 2 (see [17] and supplementary material there). In that case, different permutations have to be tested. If one (and only one) combination yields a sum momentum close to zero, the assignment of masses is considered as correct. For two particles, this swapping can be implemented manually in the analysis code. A recursive algorithm that solves this ambiguity problem for an arbitrary number of particles has been described in [106] .
Distinction of enantiomers
To determine the handedness of a molecular structure, a measurable quantity has to be found that is distinct for the two enantiomers, even though they are rotated randomly in space. A pseudoscalar, i.e. a scalar quantity that changes sign upon space inversion, is ideally suited for chiral molecules with one stereocenter. The triple product
C of the momentum vectors  A,  B and  C is the easiest example to construct a pseudoscalar for data obtained from Coulomb explosion. This means that three linearly independent momenta need to be measured. This a special case of the general rule that at least three linearly independent vectors are required to define a leftor right-handed object.
As discussed in the previous subsection, the fragmentation into five singly charged atomic ions was selected because the clearest signal of enantiomer separation was expected there. Only the isotopes Cl 35 and Br 79 were considered in the further analysis. A normalized triple product
was calculated using the three heaviest fragments figure 4 ). The order in the triple product was chosen in a way that negative values correspond to an S-type configuration and positive values to an R-type configuration according to the CIP-rules [10, 11] . Figure 4 shows the main result of the investigation, obtained by ionization with a femtosecond laser. Two distinct peaks are visible, equally populated within the statistical uncertainty (329 S-and 302 R-type structures) as expected from a racemic mixture. The fact that almost no background is present between them implies that for every single molecule detected in this break-up channel, the absolute configuration can be determined with a high degree of reliability. As figure 3 demonstrates, many break-up channels naturally occur after multiple ionization of the molecule. If these channels contain information on the absolute configuration, the statistical significance of the result can be increased tremendously because those channels have a much higher yield [18] . As an example, the separation of enantiomers for the channel {CH + , + F , Cl + , Br + } (with possible contaminations of the proton-missing channel {C + , + F , Cl + , Br + }) is shown in figure 5 . The consistency of the assignment is checked by using different combinations of momentum vectors in analogy to equation (3) and plotting them in a two-dimensional histogram (which is obviously also possible for the complete fragmentation, not shown here). These results demonstrate that also molecular ions can be used to infer the molecular handedness, notwithstanding a higher fraction of ambiguous events (region around q = ( ) cos 0). Events with only three detected ions can be consulted as well when additional fragment(s) carry momentum so that three linearly independent momentum vectors exist. In this case, the amount of ambiguous events is so high that a determination on the single-molecule basis is hardly possible [18] . where the momenta  p i are given in the center-of-mass system of the parent molecule in the laboratory space, i.e. in the frame of reference where the momentum sum is 0. In short, this means that one axis is defined by the carbon momentum, and a second axis by the sum of the heavy elements bromine and chlorine. The carbon has non-zero momentum after Coulomb explosion because it is only in the (approximate) geometrical center, not in the center-of-mass of the molecule. Figure 6 shows the transformed momenta, overlaid with a structure model of the molecule. The rotation is chosen in a way that the carbon momentum points away from the spectator and is thus barely visible.
The fact that the fragment momenta actually point in the bond direction was confirmed by a classical simulation. Point charges were assumed at the equilibrium positions obtained from [108] . These charges were propagated step-wise by integrating the classical equation of motion with purely Coulombic forces ( µ F r 1 2 ). The angles between the momentum directions deviated only by a few degree from the bond angles, indicating that the axial recoil approximation still holds in this case. By multiplying the initial positions with random factors from a Gaussian distribution, the distribution of the chirality parameter could be reproduced well. The inverse problem, i.e. the retrieval of a structure from the measured data (no results shown), has been far less successful as reported previously for other molecules [46] .
Perspectives
The results in the previous section can be considered as a proof-of-principle that the handedness of individual molecules can be determined by CEI. Which future directions are possible from this starting point? Without claiming completeness, three main lines of research will be sketched in the following: extension to larger molecules, coincident measurement of electron momenta together with Coulomb explosion, and the investigation of light-induced stereodynamics by pump-probe experiments.
Application to larger molecules
It should be obvious that CEI is not a very suitable technique for investigating complex molecules such as proteins. The preference for volatile compounds could, however, complement x-ray diffraction for the determination of absolute configuration. Additionally, the enantiomeric excess can in principle be determined very accurately since the precision for experiments with low background is mainly limited by the statistical error   d due to the number N of molecules:
. A recent investigation of the chiral ethane derivative halothane (CHClBrCF 3 ) demonstrated that the handedness could also be determined for a more complex species [63] . The fragmentation into CH + , Cl + , Br + and CF + 3 showed a clear signal for the two enantiomers, again from a racemic mixture.
As a rather large amount of sample is currently needed to perform CEI on neutral species (around 1 g, corresponding to 10 mMol), the substances investigated with COLTRIMS so far have only been available as a racemic mixture. To unambiguously prove that the technique can relate the macroscopic and the microscopic assignment of handedness, an experiment on an enantioenriched sample with known composition needs to be performed as in the case of foil-induced Coulomb explosion [19] . For larger species, enantiopure samples are commercially available. In the next years, molecules such as propylene oxide, lactic acid or even the amino acid cysteine can possibly be investigated with CEI.
These molecules produce a large variety of fragmentation pathways, decreasing the probability of pathways that are significant for the determination of absolute configuration. In the case of coincidence detection, this requires higher detection rates or longer measurement times. Non-coincident methods to determine absolute configuration from Coulomb explosion such as in [52] are thus another promising approach for more complex species.
A general impediment for the CEI approach is that for complex molecules, the axial recoil approximation is expected to break down and intermediate structures that do not conserve the configuration may occur during the break-up. If the determination of configuration is possible at all in those cases, it will need a better modeling of the fragmentation process and a more sophisticated analysis.
Coincident measurement of electrons and ions
A prominent aspect in the investigation of chiral molecules is the asymmetric interaction with circularly polarized light (see section 1). Although several groups report differences in the ion yield after irradiation with nanosecond [15] or femtosecond laser pulses [109] , no significant difference in the number of left-and right-handed molecules has so far been identified after Coulomb explosion of CHBrClF and halothane.
In the last 15 years, large asymmetry effects have been found in the angular emission of photoelectrons from randomly oriented chiral molecules. The so-called PECD [110] has been observed with single-photon [11] and multi-photon ionization [12] . As the COLTRIMS technique can detect both ion and electron momenta in coincidence, the electron emission direction can be plotted in the molecular frame. The main problem with this approach is currently the large number of electrons (at least four) that must be removed to determine the absolute configuration. The variety of ionization and charge rearrangement processes leads to a broad distribution of detected electrons that has so far concealed a clear photoelectron signal. For double ionization of propylene oxide (also known as methyl oxirane), one molecular axis could be defined and an enhancement of PECD for certain molecular orientations be reported [97] .
Light-induced stereodynamics
Many molecules exist that change their configuration upon photo-excitation, i.e. that have a different structure in excited electronic states than they have in the ground state. Many proposals exist to use this effect for chiroptical switches (a remarkable implementation being [111] ), for optical enantiopurification [112, 113] and to investigate fundamental questions like the tunneling between the left-and right-handed state [114] or the parity violation in chiral molecules [115, 116] . By inducing the transformation with a pump pulse and probing the structure by CEI, information on the structural changes could be retrieved. First experiments have been performed on formic acid (HCOOH) that is planar in the ground state and chiral in the  p state [117] . The tunnel barrier between left-and right-handed state is expected to be much lower than for molecules that are chiral in the ground state, allowing oscillations between these two states in an experimentally accessible time-scale [116] . It should, however, be noted that CEI cannot distinguish a racemic mixture from a quantum-mechanical superposition of left-and righthanded molecular state (see [118] for a proposal to do so) so that for the observation of tunneling, an asymmetric state has to be prepared in the pump step. Figure 6 . Three-dimensional representation of the linear momenta in the molecular frame for the fragmentation into five atomic ions (laser excitation). The momenta are rotated to overlay with a structure model. Color codes are white: H; black: C; green: F; yellow: Cl; red: Br.
Reproduced from [107] . CC BY 3.0.
Summary
This tutorial describes how coincident momentum imaging allows one to determine the stereochemical configuration of individual molecules. Molecular species that are multiply ionized within a few femtoseconds undergo Coulomb explosion; the momentum vectors of the cations produced in this explosion retain information on the initial molecular structure. Coincident measurement of these momenta allows one to retrieve structural features for single molecules and opens the possibility to explore various correlations between the fragments. First experiments to determine molecular structure in this way date back to the 1970s. In the last 20 years, progress in femtosecond lasers and synchrotron sources, as well as in detector technology has paved the way to apply CEI to larger molecules with chemical interest. Experiments described here and in previous papers have demonstrated that individual rightand left-handed molecular structures can be distinguished.
Main technical challenges on the way to a routine analysis are the relatively large amount of sample needed, the long measurement time (several hours) and the data analysis procedure that has not been automatized so far. On a fundamental level, it is still unclear up to which size of the molecule ion momenta can reliably reveal structure. But CEI of chiral molecules offers more than the analysis of equilibrium structure: it allows one to take detailed pictures of the lightmatter interaction of individual chiral molecules, i.e. by additionally measuring the emitted electrons' momenta or by employing pump-probe schemes.
